The slug test is still one of the simplest and cost-effective methods to interpret the hydraulic parameters for aquifer analysis. This study introduces two new estimation approaches for the slug test, the time shift method (TSM) and arc-length matching method (AMM), to identify aquifer parameters in a reliable and accurate manner, which was established on the idea that any change in the normalized drawdown or arc-length measurements of the data curve at the predefined drawdown levels is linked with the variation of storativity. These approaches remove the need for superimposition of the type curves and the field data. The proposed methods are straightforward to apply and automatize the parameter estimation process. TSM and AMM were tested with a number of numerical experiments including synthetically generated data augmented with random noise, hypothetical slug tests conducted in a heterogeneous rock-fracture system, and well-known real field data. The skin effect was also implemented to evaluate its impact on the estimation performance of the suggested approaches. The results verified that both proposed methods are able to produce estimates of hydraulic parameters more accurately than existing methods. The proposed methods could serve as a viable supplementary interpretation tool for slug test analysis.
INTRODUCTION
In financial and logistical aspects, slug tests are traditionally utilized for rapid evaluation of near-well characteristics of an aquifer by injection or extraction of an amount of water volume instantaneously in a well. The application procedure for slug tests is straightforward and easy due to the requirements for minimum test equipment compared to other information collection methods such as core samples, geological logs, and pumping tests that have been used as a complementary part of the site characterization (Butler et al. ) . Freeze & Cherry () recommended the use of slug tests, since they are able to provide adequate information about site character and are more reliable than pumping tests.
The first mathematical analysis on the interpretation of slug tests was conducted by Hvorslev () The graphical curve matching methods for slug test analysis, however, might not yield a unique match when aquifer storativity is so small. In addition, the interpretation of the type curve matching process is subjective, which induces bias in the estimations. Several approaches developed for the different aquifer types have been devised to eliminate the potential risks of graphical matching methods.
For instance, recent research proposed by Sahin & Ciftci () introduces an area matching process to eradicate the requirement of the curve matching process to obtain aquifer parameters using constant-head pumping-test data.
This study is intended to identify the aquifer parameters in lieu of the type curve matching approach for the interpretation of slug test data by establishing two new estimation procedures, referred to as the time shift method (TSM) and arc-length matching method (AMM), respectively. One of the merits of this study is that there is no need to superimpose the type and data curves in these approaches, which provides greater flexibility in the estimates of aquifer parameters. The introduced methods are also as simple as the classical methods, require no complex calculations, and allow the practitioner to obtain more accurate and reliable estimations by avoiding the curve matching process. 
with the following boundary conditions and initial condition as:
where T and S are the aquifer parameters transmissivity and storativity, respectively, h denotes the hydraulic head, H wb is the head in the wellbore, H wb 0 ð Þ is the initial excess head, r c is the casing radius, r w is the well radius, and t, r, and θ indicate time, radial, and angular directions, respectively (Batu ) . The solution of Equation (1) is given with two non-dimensionless parameters as follows:
where
and
where J Once α is properly identified, any point on the normalized drawdown level, which is identical for both curves, will have a corresponding β value, which in turn allows prediction of the transmissivity as given in Equation (6).
In the graphical curve matching method, the type curve itself is used as an identification parameter to assess the α value. The matching process has, indeed, inherently potential drawbacks due to the smaller α values, at which the type and site curves are difficult to match visually since type curves are so close to each other. The determination of the α value in an accurate and reliable manner is so significant in the estimation process because this directly affects the predictions of T and S. Therefore, two different 'identifier parameters' termed arc-length and time shift, were proposed in order to remove the subjectivity of the classical curve matching, which may cause unreliable estimates of slug test parameters, to acquire the aquifer parameters in an easy and automatic fashion. The variation of the identifier parameters over α values was elaborated for each method. The radial basis function collation method (RBFCM) was employed to avoid the curve matching and to interpolate any missing value in the available data.
Time shift method process
The motivation of TSM is to elaborate the elapsed time for the selected normalized drawdown shown as F 1 in Figure 1 to be halved (or any desired value shown as F n in Figure 1 ), which corresponds to a unique time shift (Δ) for each α value. Dimensionless time can be expressed as:
where η is the normalized drawdown level for a particular time and G is the transfer function. This inversion given in Equation (7) could be performed by employing the Newton-Raphson iteration scheme as follows:
in which the superscript k denotes the iteration number and F is the slug well function appearing in Equation (3). The dimensionless time derivative term in Equation (8) can be easily found by applying the Leibniz rule as:
This iteration scheme in Equation (8) gives β values in a few iterations when using β 0 ¼ 0:001 as an initial guess for all ranges of α values implemented in this particular study. The theoretical time shift (Δ) is therefore shown as:
The variation of the time shift Δ over the α values for several normalized drawdown differences is illustrated in data, as shown in Figure 1 , is:
Once Δ f is computed, the α value could be easily approximated either using Figure 2 (a) or RBFCM. The following application steps summarize the entire process as:
• Step 1. Calculate the time shift in the field data and estimate the corresponding α value.
•
Step 2. Read β value for F ¼ 0.5 from the theoretical type curve drawn from the estimated α value using Equation (3).
Step 3. Calculate T using Equation (6) and S using Equation (5).
Arc-length matching method
The arc length of the curve pair between predefined normalized drawdown levels, shown as L in Figure 1 , is selected as a matching identity in order to estimate the α value. The arc length of the theoretical type curve for two arbitrarily chosen β values can be calculated as:
where μ ¼ ln β and
The axes of the slug well function can be interchangeably used to calculate arc length between any two normalized drawdown levels as follows:
If the type curve and field data are assumed to be perfectly matched, the arc length appearing in Equation (14) can be approximated from the field data as:
where n is the total data points in the interest interval.
The variation of arc length, L, over the α values for several normalized drawdown levels is also shown in Figure 2 (b).
Similar to the TSM procedure, α value could be easily estimated either using Figure 2 (b) or RBFCM. Steps 2 and 3 in the TSM are then applied to obtain the aquifer parameters.
RESULTS AND DISCUSSION
The estimation performance of the proposed methods was tested with a number of numerical experiments. As a first step, these approaches were investigated using synthetically generated slug test data which were augmented with substantial noise to mimic the non-smooth test data. TSM and AMM were also examined by a real field data set and compared with the existing techniques in the literature. To show the performance of the implemented methods, several error metrics such as the coefficient of determination (R 2 ), the root mean squared error (RMSE), the scattered index (SI), and the mean absolute error (MAE) were employed as:
where N is the total number of data,ŷ i is the estimated data value, and y i is the actual data value.
Homogeneous aquifer with random noise
A number of numerical experiments were conducted in confined aquifer settings by generating log T values in a range of Table 1 summarizes the error analysis for several η 1 /η 2 ratios utilized in this example. In As a final remark, both proposed methods are able to produce aquifer parameters in good accordance with the generation values for homogenous aquifer settings even if the slug test data contain relatively small noise.
Layered aquifer with heterogeneous fracture
The estimation performance of the proposed methods was also tested in a hypothetical aquifer with a number of heterogeneous fracture layers. Shapiro & Hsieh () conceptualized a model for the slug response in fractures intersecting a borehole under the assumptions: (i) the vertical flow across the fracture is negligible; and (ii) each fracture is isotropic and homogeneous. Slug response at the extraction well in the Laplace domain is given as:
where s is normalized drawdown in the Laplace domain, N is the total number of layers, T f denotes the formation transmissivity for the system of fractures, p is the Laplace variable, K 0 and K 1 are the Bessel functions of the second kind with zero and first order, respectively. Equation (17) can be converted in the time domain by employing Stehfest's () algorithm as:
with M being an even number and ⌊⌋ being the integer part
Two different slug test scenarios similar to the work of Shapiro & Hsieh () were implemented using Equation (17). A 125-min long slug test was conducted in a fully penetrated extraction well which has equal casing and well radii of 0.075 m. 
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À4 m 2 /min. S values were also generated to be log-normally distributed with a geometric mean equal to 10 À7 and a variance of log 10 (S) ¼ 2, also shown in Figure 5 (c). T and S values were assumed to be uncorrelated. In the second scenario, the generated T and S values were assumed to be negatively correlated, which means the fracture with the larger T value is linked with the lower S value. Shapiro & Hsieh () stated that this situation can be observed when the fractures contain a filling material of lower permeability with a larger storativity than unfilled fractures.
For this particular example, identifying aquifer parameters via classical curve matching, it is difficult to obtain a good visual match since the α value is small. Scenario 1, the S estimates of proposed methods yield the geometric mean value of the fractures as tabulated in Table 2 .
In Scenario 2, the performance of AMM was also checked with randomly selected drawdown levels, as shown in Figure 6 . As seen in the figure, the different data pairs utilized in the AMM approach lead to almost equal T estimates. A similar result was obtained for TSM under the same estimation scheme.
As seen from these results, the proposed methods could be noted to produce reliable estimates of the aquifer par- The S value for the skin and formation zone of each distinct test was assumed to be 1 × 10 À4 . One percent of random noise was again added to mimic the unexpected disturbances (i.e., measurement error). In general, the estimation error of the methods increases with the skin effect for the noisy data set. For a relatively large positive skin scenario (λ ¼ 10), both methods systematically underestimated the formation zone T values. The primary reason behind this situation is that the skin effect and α value are both responsible for the right shift in the type curves, and the skin effect becomes dominant. Thus, the effect of skin is not identified individually for its larger values utilizing the proposed methods that were originally derived from no-skin condition. As discussed in Beckie & Harvey (), the estimated T values obtained from the slug test analysis are unbiased, which means near-well properties do not affect the estimates of T so much, whereas S is strongly dependent on T since the estimated S values are biased. Therefore, as verified with the results, the proposed methods could be safely employed to access the aquifer parameters unless skin factor is greater than 5, even if the available data contain relatively small substantial noise.
Real field data
The estimation performance of the proposed methods finally was analyzed with field data previously utilized by Cooper • The TSM and AMM are straightforward to implement, and avoid the curve matching process that might be difficult to apply for the test data having smaller α value.
• For homogeneous aquifer systems, these methods are able to provide the aquifer parameters better than the available curve match based methods.
• The representative T f value for the fracture-rock matrix system was easily accessed by the proposed methods.
• The formation zone T values for a certain level of skin factor can be estimated accurately via the proposed methods.
As a general remark, the proposed TSM and AMM are evaluated as viable approaches to estimate the aquifer parameters. The established methods can form a basis for assessing the hydraulic parameters in lieu of the curve matching process employed for several aquifer types.
